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Challenges for mountain hydrology in
the third millennium
Carmen de Jong*
Mountain Centre, Université Savoie Mont Blanc, Le Bourget-du-Lac, France
Mountain hydrology, in particular in the European Alps, has undergone significant
changes within the last decades due to climate and land use change as well as altered
water consumption patterns. Climate change influences both the characteristics of
droughts and floods as well as evapotranspiration, sublimation, snow-rainfall ratios,
snow seasonality, and water reserves locked in glaciers. Land use change and altered
water use may strongly outweigh these impacts, in particular through industrialization,
urbanization, and tourism. Extreme hydrological situations such as new floods types
have evolved from combined land-use and climate change and new types of water
scarcity in association with accelerated and seasonally shifted water abstraction. Related
water quality and pollution issues are of growing concern especially in seasonally
highly populated areas. Main methodological challenges include keeping pace with
recent hydrological change such as altered water inputs, water abstraction, and water
quality. Emphasis should be put on the significance of small proportional changes
within the total water cycle as these may have major impacts on floods, water scarcity,
and general livelihood. Political challenges are strongest concerning problem reporting,
initiation of monitoring programmes, and data transparency. The general lack of higher
altitude hydrological data and experience with new hydrological phenomena will require
an analytical approach directed more strongly toward interactions between scientists,
stakeholders and decision makers encompassing local stakeholder knowledge and
historical evidence. Data and innovative practices need to be exchanged more strongly
between alpine regions and between the local and European level. It should be
recognized that an alternative water management in mountains is fundamental for the
future.
Keywords: global change, water consumption, floods, water scarcity, water quality, ski resorts, lakes, stakeholder
knowledge
Introduction
Water in mountains is a vulnerable resource that is strongly influenced by global change, especially
by climate change but also by changing human behavior in different environments and over
different time scales. This article focuses specifically on the European Alps due to availability of case
studies and general information on highly modified catchments. Major mountain regions around
the globe influenced to a varying degree by both climate and anthropogenic pressures include the
Andes, Rockies, Himalayas, High Atlas, Urals, Caucasus, Altai, Carpathians, Scandes, and Pyrenees.
Of these, the Alps are the mountainous zones that are most strongly influenced by urbanization due
to their proximity to major agglomerations, the evolution of secondary homes, tourism resorts,
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and industry. Whereas, hydropower has been developed in most
of these mountains ranges, the Alps have been foreriders for
winter sports development and their prototype has radiated
out toward many other mountain ranges worldwide. Such
developments are increasingly transplanted into zones without
sufficient natural snow and/or semi-arid climates leading to local
and regional water-overuse. Detailed hydrological studies by
scientists in other modified mountain zones are still pending.
It is generally agreed that the hydrological cycle has intensified
in response to an alternating, step-wise change in global warming
(Provenzale and Palazzi, 2014). As temperatures are increasing
strongly over the Alps, there is a general decline in both duration
and total accumulation of snow, especially at altitudes below
1500m (Beniston, 2012). Simultaneously, there is a decreasing
trend of the snowfall rainfall ratio, snow water equivalent, and
snow depth during the melt season (Serquet et al., 2011; Marty
and Meister, 2012). Even at higher altitudes, there is thus a clear
trend toward more rain and less snow. Water reserves stored in
glaciers have approximately halved since the end of the Little Ice
Age and are projected to decrease by another two-thirds by 2100
due to glacier retreat in Switzerland (BAFU, 2012). For the Swiss
Alps, glacierised basins are predicted to experience first increased
runoff over the next few decades followed by decreased runoff,
especially in the summer months (Pellicciotti et al., 2014). Rapid
glacier decrease is already causing concern over drinking water
supply in some smaller communities situated in inner alpine dry
valleys (Gremaud and Goldschneider, 2010).
However, a major limitation for mountain hydrology is the
predominant focus of classical literature on the hydrology of
natural catchments. Due to the multitude of issues involved,
few studies are available on the regional water balance of
intensely modified catchments such as those impacted by
artificial snowmaking and winter tourism (de Jong, 2009,
2013a,b; Vanham et al., 2009; Weingartner et al., 2014). Climate
warming has complex impacts on mountain hydrology many of
which are not yet known or adequately predictable especially
when considered together with rapidly changing land-use.Whilst
the dominant focus inmountain hydrology is on floods, droughts
are not adequately considered. Nevertheless, statistical and
dynamical downscaling of precipitation from regional climate
models over the European Alps indicate that there is a strong
trend toward drier conditions including a higher drought
frequency and longer periods of drought (Schmidli et al., 2007;
Gobiet et al., 2014). In the few hydrological studies available,
droughts are investigated in mountain ranges with little human
impact, such as the Cascades, Oregon (Nolin, 2012) or associated
only with the forelands of mountain chains such as the Andes
(Vergara et al., 2011). Increase in occurrence of low flows due
to climate change in Canadian mountain basins are mentioned
in Rasouli et al. (2014) and for American mountain basins
in Coopersmith et al. (2014). The latter conclude that there
is systematic drying of southern Appalachian basins but that
for the Rockies precipitation remains steady with an overall
declining snowpack. However, decreased streamflow in the
Pacific Northwest United States is attributed to a decrease in
mountain precipitation rather than increase in temperature
(Luce et al., 2013).
Depending on the predominant geological setting, mountain
hydrology can be particularly vulnerable because of its uneven
distribution across catchments and because of the rapid
flow response time which can produce both droughts and
extreme floods over relatively short time periods. This is
especially true for karst (Mathevet et al., 2004) and schist
environments. Above all, the quality and quantity of mountain
water is strongly influenced by upstream land use, the
limited potential of subsurface water storage, precipitation,
snowmelt, temperature, evapotranspiration, sublimation, and
surface permeability (de Jong et al., 2009). Superimposed on
strong daily and seasonal variability, the impacts of climate
change on hydrology are already evident and will most likely
intensify in future (Trenberth, 2011). Apart from climate change
and associated land use change, direct anthropogenic influences
have increasingly marked effects on water availability. Increased
water demand can be associated with hydropower, tourism,
artificial snow making, secondary housing, new lifestyles,
and (mal)adaptation to summer droughts (de Jong, 2009).
Simultaneously, land use change such as increase in forest cover
due to abandonment of pasture has reduced discharge from
springs, torrents and rivers and increased evapotranspiration
(Dumas, 2011; Van den Bergh et al., 2014).
Flood characteristics are changing too. Claps (2010) and
Allamano et al. (2009) have noticed a distinct (threefold) increase
in the unit flood discharge in 27 mountain basins in southern
Switzerland since the 1970s. According to Allamano et al. (2009),
in future the 100 year flood in Switzerland will experience
a 5-fold increase in frequency assuming scenario with a 2◦C
increase in temperature. The flood recurrence interval will be
reduced to once in every 20 years. Increased frequency of intense
precipitation (and resulting floods) experienced in the Alps
over the last 40 years is producing more damage and casualties
when coupled with increasing urbanization and river rectification
(Faccini et al., 2014). Growing urbanization not only leads to
an increase in impermeable surfaces at the cost of floodplains
but also encourages related engineering works. For example,
there has been a 50–75% reduction in bridge width since the
Nineteenth century in many Italian alpine and pre-alpine rivers
(Faccini et al., 2014) increasing the risk of jams, new flood
routing, and bridge destruction. This has been observed for
other alpine rivers as well. Widespread loss of river floodplain
accentuates flow velocity and flood peaks due to the absence of
meanders, flow expansion zones, vegetation and other obstacles
ensuring flow retardation or buffering. Only an estimated 5–10%
of floodplain surface is still available in alpine rivers (Litschauer,
2014) and 10–20% in Switzerland (SAEFL, 2004). Floods with
the same discharge have therefore become more devastating
nowadays than compared with 100 years ago. Moreover, a loss
of floodplain decreases social resilience i.e., the capacity of a
system to recover from an external shock to floods (Liao, 2012).
The common emphasis is on technical resistance to floods
encouraging so-called flood resistant design (such as dams, dikes,
and canals), leaving only a small margin of acceptable risk and
a false sense of security to society. Such flood design is geared
toward a flood with a certain recurrence interval, commonly
100 years as determined by state law. When a larger flood than
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designed for occurs, resilience is often very poor due to lack of
preparedness. Those regions that have created a mix between
social and technical resilience to floods have a higher margin
of acceptable risk and are better off during extreme events. In
future, it would be recommendable to increase flood resilience
by increasing flood and social buffering zones in view of larger
and more frequent floods (Liao, 2012). Building resilience in
cooperation with stakeholders pays off the political and economic
risk in the long term (Dufty, 2012).
Amajor challenge remains understanding the impacts of land-
use change such as bridges, roads, canalization, rectification and
damming of rivers on the local and regional flood hydrology.
Many new constructed phenomena in the landscape (such
as tunnels, quarries, ski slopes etc) influence flood routing,
velocity, and magnitude. Coupled with unusual meteorological
phenomena (such as a rapid switch-over from precipitation to
snowmelt on unusually warm soils) and extreme precipitation
from local sub-catchments, new types of flash floods are created
whose results may be unforeseeable.
On the other hand, the seasonal decrease in precipitation
observed in many parts of the Alps (Casty et al., 2005) is
translated into more droughts and an increase in low flows of
streams and rivers (EEA, 2009; de Jong and Biedler, 2012; de Jong,
2013a). For example, during the last 500 years, the five hottest
summers in Europe, including the Alps, were all recorded after
2001 (Barriopedro et al., 2011). The annual number of dry days
is directly linked to this change. In the region of Piedmont, Italy,
there has been an increase of 15 dry days since 1960, from 215 to
230 on average annually (ARPA, 2011)1. This corresponds to one
extra dry day every 3 years. This rhythm is very similar for the
French Alps (Casty et al., 2005).
As mountain water resources can become seasonally scarce,
water quality may suffer. Still, water quality and water pollution
are not frequently associated with mountain hydrology. Due to
the vulnerable and episodic nature of water resources in many
mountain catchments, water pollution is becoming a rising issue
when impacted by land-use change, such as urbanization, road
infrastructural development, tourism, and artificial snowmaking.
This includes the impacts of fuel from cars, snow grooms and
their fueling stations on ski runs and contaminated water from
ski resorts and artificial snow from ski runs.
The general lack of higher altitude hydrological and
meteorological data at the basin scale in mountains and the lack
of experience with new hydrological phenomena will require an
analytical approach directed more strongly toward interactions
between scientists, stakeholders and decision makers. Local
stakeholder knowledge and historical evidence will need to be
systematically categorized using a scientific methodology based
on intensive mutual exchange between scientists and mountain
stakeholders. Water management should be recognized as a
necessity encompassing all water uses regardless of their political
and economic influence.
Therefore, the purpose of this article is to investigate advances
and challenges of monitoring, predicting, and managing
1ARPA. (2011). Piemonte. http://www.arpa.piemonte.it. MeteoClima50, Long
Term Trends in Precipitation.
mountain water resources related to water quantity and quality in
natural and modified catchments with special emphasis on local
stakeholders and historical evidence.
Methodological Challenges
Understanding the dynamics of mountain hydrology with
relation to climate and anthropogenic change requires both
scientific, anthropogenic, and historical evidence. Long-
term hydro-meteorological data from measuring stations
representative for specific catchments and altitudes should be
supplemented by data on anthropogenic water abstraction.
Current hydro-meteorological information from stakeholders
and local newspapers should complement archives and historical
documents. In future methodological approaches should
encompass both natural and social sciences. This should
span both climatology, hydrology, geography, engineering,
agriculture, medicine, history, archeology as well as philosophy,
sociology, anthropology, and psychology.
Water Quantity
Water Inputs and Global Change
To begin with, a recurrent problem is the lack of higher altitude
measuring stations providing precise short-term and long-term
hydrological forecasting data (de Jong et al., 2005a). The lack in
observational networks is due to logistical and financial reasons
as well as lacking political will. Instead of increasing their
density in data sparse areas many of the few existing measuring
stations have been closed down in recent years in mountain
areas. In the past, mountain settlements were built to survive
hydrological extremes in the absence of (automatic) measuring
stations. Inhabitants were far more autonomous and trained in
observation and transmission of experience than nowadays. They
were driven toward disaster resilience rather than resistance and
in doing so their lifestyle was adapted to local conditions as far
as possible. Geographical avoidance of disaster was important
and risk tolerance was generally higher e.g., toward periodic
flooding of fields or cellars or drying of springs. Citizens were
sensitive to changing meteorological and hydrological conditions
as well as natural risks and knew how to best evade them. Local
inhabitants disposed of a high degree of flood preparedness and
handling risk. If the risk became too high, they re-settled to
safer areas. This is more difficult nowadays since the nature
and scale of impact has changed and the individual sense of
responsibility has decreased at the cost of centralized flood or
drought governance.
Today, methodological approaches in mountain hydrology
are much more focused on avoiding or reducing disaster through
forecasting and protective engineering. Risk tolerance toward
hydrological disasters has reduced together with the sense of
personal responsibility in society for exposure to hazards such
as floods and droughts. Methodological challenges are therefore
strongly related to preventing, postponing, diverting, or storing
water resources during floods or droughts. Forecasting and early-
warning has become more centralized under the auspices of
administration and government, demanding less involvement
and responsibility from individual citizens. The emphasis has
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moved away from distributed, regional field observations to
single automatic meteorological and river gauging stations
accompanied by spatial information by remote sensing and
hydro-meteorological modeling. It is aimed at enabling a fast
and efficient prognosis of flood events or to create early warning
against droughts.
At the same time, society is increasingly confronted
with decision-making under the uncertainty of science, new
anthropogenic pressures and incompleteness of technology (Noe,
2014) with regard to changing event characteristics. In recent
years, climate adaptation experts have been required to include
factors other than climate when considering the vulnerability
of systems (Füssel, 2007 in Daron et al., 2014). Furthermore,
Daron et al. (2014) state that “we cannot, and probably never
will, accurately predict the future climate at regional and local
scales, let alone predict the evolution of complex dynamic socio-
ecological systems” and that in future approaches related to
socio-ecological systems management decisions “cannot simply
extrapolate from current practices which largely focus on data
provision and a one-way flow of information.” Looking back in
history at philosophical interpretations of disaster, the Japanese
physicist and poet Terada (Terada, 1934 in Noe, 2014) observed
nearly a century ago that “The more civilization progresses,
the more the degree of severity of natural disaster increases.”
and further that most disasters are man-made: “As civilization
advanced, human beings gradually had an ambition to conquest
nature. They built many kinds of structures which resist gravity,
wind pressure and the power of water. When they start obstructing
the violence of nature, nature eventually begins to rampage around
like a troop of wild animals escaping from a cage. It is not
unjust to say that the origin of such disaster is nothing but
human beings’ work to resist nature” (passage modified after Noe,
2014).
Efforts therefore need to be concentrated on ameliorating
data and information relevant for hydrology where best available
i.e., from medium altitudes (de Jong et al., 2005a). These
should be compared where possible to higher altitude alpine
stations in their vicinity according to the PUB (Predictions in
Ungauged Catchments) approach (Whitfield et al., 2013). The
PUB approach identifies catchments with similar characteristics
(geology, geomorphology, vegetation, land use etc) in order
to provide a comparison of possible hydrological behavior
of ungauged or poorly gauged catchments with fully gauged
catchments. Apart from these regional perspectives, the
upcoming challenge is to distinguish between short term
spatial and temporal hydrological fluctuations and longer
term trends due to climate and anthropogenic change.
Concerning droughts and water scarcity, the challenge is
to provide more efficient measurement and estimation of
evapotranspiration and sublimation (Körner, 2003; de Jong et al.,
2005b, 2009).
In situations where hydrological and meteorological data is
not available or too scarce, information from local newspapers
and informed, local stakeholders, e.g., on the drying of wells,
situations of water scarcity or the extent of flooding should be
documented (de Jong, 2013a). Impacts of climate change and
land-use change are being observed even in medium altitude
mountains. Taking the example of the Chartreuse mountains,
French Alps, local stakeholders in small hamlets are confronted
not only with climate change, that modifies the quantity and
seasonality of snow, but also with droughts and low flow
conditions of higher frequency and longer duration coupled with
an increase in household water consumption and a reduction
in available discharge due to the encroachment of forest (de
Jong, 2013a). Simultaneously, flood regimes are becoming more
flashy.
For longer term reconstructions and dynamics, historical
markers on buildings, paintings, photos, historical documents,
articles, and chronicles should be studied (Faccini et al., 2014).
Our understanding of impacts of hydrological extremes in
mountains needs improvement. Certain floods are accelerated or
even created by bottlenecks such as bridges and canals. These
should be identified and described by local inhabitants and
witnesses and fed into water management and risk plans. It is
particularly important for stakeholders or observers to provide
information on the exact timing of overbank flow or changes in
flood routing.
In future, the challenge for floods is to improve understanding
of infiltration characteristics on anthropogenically modified
surfaces, especially in urbanized areas such as ski resorts and
large industrial zones located in valleys. Infiltration is strongly
modified in ski resorts, on ski runs, parking lots, roads and dirt
roads frequently used by heavy machines and lorries. Results
show that infiltration on ski runs located between 1800 and
2200m in the French and Italian Alps can be 5–20 times lower
than on natural soils on limestone, schist, and crystalline rocks,
thereby substantially increasing surface run-off (de Jong et al.,
2014). Despite re-greening, intensively compacted ski runs have
been observed to remain 100% impermeable. Altered infiltration
and extra water inputs by artificial snow melt not only affect the
pattern and timing of daily and seasonal melt but also peak flood
runoff (Figure 1) which can augment by up to 20% (de Jong and
Barth, 2007).
FIGURE 1 | Model of influence of artificial snow melt input (yellow line)
superimposed on normal flood discharge (blue line) during an extreme
rainfall flood reconstructed for 12th June 2003 for the torrent Villards,
ski resort Les Arcs 1600, Savoy, France (de Jong and Barth, 2007). The
flood peak is increased by approximately 18%. It is assumed that all natural
snow has already melted.
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Water Abstraction
One of the most difficult tasks in mountain environments
is identifying, understanding, and quantifying anthropogenic
water abstraction from agriculture, hydropower, industry, and
tourism, including individual consumption, hotels, and artificial
snow production. This requires a sound understanding of
social behavior, which may be sporadic and independent of
climatological and hydrological conditions. An interdisciplinary
and inter-sectorial approach should be applied in order to
understand and define the choices and issues surrounding
water consumption and water management (de Jong, 2013a,b).
This should include feedback from water agencies, politicians,
farmers, fishers, foresters, tourism representatives, and teachers
but also citizens (both permanent and those with secondary
homes). Useful information can be obtained from those citizens
directly impacted by water issues in particular those with a
long experience, for example retired persons and mountain
and outdoor guides etc. However, the more political water use
becomes, the more difficult it is to obtain data.
Land-use and associated water use have considerably changed
over the past century in the Alps. The most severe hydrological
impacts are those associated with hydro-electricity, river
straightening and winter and summer tourism. Of these,
the fastest ongoing increase concerns water abstraction for
production of snow for winter sports. Nevertheless, due to its
political dimension, it is very difficult to obtain correct and up-
to-date data on water abstraction and consumption for artificial
snowmaking in the Alps. There is virtually no proxy information
that could be used from other similarly intensively exploited
ski resorts, with the exception of some water quality studies
that are not readily transferrable to case studies in the Alps.
For example; ski resorts in northern and northeast Finland have
strong impacts on the water quality of boreal lakes, increasing
nitrogen and phosphorous levels (Kangas et al., 2012) and ski
resorts in Big Sky, Rockies, Montana have increased nitrogen
loading in streams, in particular in winter, mainly due to septic
and waste water inputs (Gardner andMcGlynn, 2009). In eastern
Serbia, ski resorts have triggered more frequent extreme events in
the Zubska River headwater due to deforestation and enhanced
surface-runoff on ski runs and access roads (Ristic et al., 2012).
In principle, all alpine and pre-alpine lakes are controlled
at their outlets, either for optimizing lake levels for tourism or
extracting water for artificial snow or hydro-electric production,
including Lake Garda, Lake Como, Lake Maggiore and Lake
Geneva as well as smaller lakes such as Lake Annecy and
Lake Bourget (de Jong, 2013b). As a result, both the daily,
monthly and annual water level fluctuations are smoothed.Water
abstraction for hydropower and agriculture has a particularly
strong influence on reservoir levels, groundwater and stream flow
during droughts (Figure 2). This situation is amplified by lacking
rainfall and snowfall inputs as well as high evaporation rates from
the reservoir.
Apart from lakes, wetlands, and floodplains have also been
the victim of river straightening and water diversions. In the
Davos area, several water bodies have disappeared over the
past 80 years, for example the large Palüda swamp (latin
“paludosus” = swampy), the ice-skating pond at the confluence
FIGURE 2 | Impacts of the 2003 drought and water overuse on the Mis
dam reservoir near Belluno, region Veneto, Italy. The reservoir is only filled
to 5% of its capacity. Photo: Veccellio.
FIGURE 3 | Remnants of a wetland (2225ma.s.l.) between a water
reservoir for snowmaking and a ski run under the Roc du Diable above
Belle Plagne near La Plagne Ski Resort, Savoie, France in 2011. The
original wetland has been replaced by an impermeable, artificially regulated
reservoir. Photo: de Jong.
of the Flüela- and Sertig torrents, the floodplains around the
River Landwasser (due to the diversion of Lake Davos water into
the River Landquart, formerly flowing into the River Landwasser)
and the high moor at the south end of Lake Davos (Stöckli,
2012). In ski areas, wetlands are most commonly destroyed
or reduced in size due to construction of water reservoirs for
snowmaking, drainage of ski runs, construction of parking lots
and shopping areas (de Jong, 2013b). Snowmaking reservoirs
either totally extinguish wetlands or greatly marginalize them,
eventually drying them (Figure 3). Names such as Adret des
Tuffes (=wetland) above $Les Arcs, 2000, French Alps (de Jong
and Barth, 2007) are the only indicators remaining of their
existence apart from aerial photos and satellite images when
available at the right resolution.
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Some river training works, diversions, and drainage schemes,
in particular those in upper catchments and smaller torrents,
rivers and wetlands have experienced a deterioration of their
good ecological status and have been carried out against EU
regulations such as the WFD (de Jong, 2014a).
Water Quality
Growing urbanization and industrialization in mountain areas
not only has major impacts on surface and groundwater flow
but also on water quality. Climate change increases water
temperatures of different water bodies (SAEFL, 2004) and
decreases water quantity in many regions, thereby increasing
the risk of pollution and decreasing water quality. We are now
confronted with a new speed and dimension of water pollution
and the systematic measurement of water quality needs to be
addressed. Mountainous terrain increases the costs of water
pumping and treatment, therefore not all households or tourist
amenities are joined to wastewater networks. In addition, water
treatment plants are often under-dimensioned for cost-benefit
reasons and thus cannot cope with the quantities of waste water
produced by ten thousands of tourists in the winter season.
In alpine valleys, increased urbanization causes increased
impermeabilisation of the ground, causing faster and more direct
runoff into the canalization. Since the filtering effects of soils
and vegetation is often reduced or missing, contaminants from
diverse sources are either directly channeled away or when
produced at higher altitudes can find their way into drinking
water perimeters. The loss of wetlands aggravates this situation
(de Jong, 2013b).
Pollution and water quality degradation is an issue that
is rapidly evolving. Today, the principal challenge is locating
and identifying sources of pollution. In mountain catchments
water quality measurements are usually restricted for logistical
and political reasons. Water pollution by substances such as
bacteria (Lagriffoul et al., 2010), diesel oil, nitrogen, ammonium,
and other heavy metals can both directly affect drinking
water or water bodies in general. Pollution can be linked to
tourism, agriculture, industry, and transport. Those regions that
are dominated by winter sports and heavy seasonal tourist
frequentation should include pollution by tourism as a separate
category in water management plans. Pollution from winter
tourism should be distinguished according to coli-bacteria, pH,
conductivity, ammonium, nitrogen, and heavy metals from (1)
pipelines for artificial snowmaking, (2) water storage reservoirs
for snowmaking, (3) artificial snowmelt runoff from newly
constructed and re-vegetated ski runs and from pipelines and
outlets below ski resorts. In future, poor quality water that may
develop during peaks of tourist frequentation during the winter
season should be anticipated and treated.
Concerning transport, pollution inputs include diesel and oil
from roads and small airports, diesel leaking from snow grooms
in runoff from ski runs, diesel depots, and supply truck accidents.
During the winter season 2014, a supply truck loaded with 18,000
liters of diesel plunged off the road at 1310m altitude in the
Zillertal, Tirol, Austria (Tiroler Tageszeitung, 2014). It was to
deliver diesel for the middle ski station of the Zillertal Arena for
the snow grooms. Although the diesel had to be unloaded into
another truck and most of the leakage could be prevented, it is
unlikely that none of it escaped into the snow and ground.
Pollution from industry and urbanization mainly concerns
alpine streams and lakes as well as dam reservoirs. Alpine and
sub-alpine lakes are particularly impacted since they act as final
pollution traps. For example, the Lake Bourget has experienced
a 1.8◦C temperature increase in only 62 years between 1950
and 2012 and a precipitation decrease between 10 and 30% over
the last 10 years (CISALB, 2012). The decrease in water volume
has concentrated pollution mostly during low flow and drought
periods (Serraz, 2012). In contrast, during heavy rainfall, there is
a risk of development of cyanobacteria from overflow of waste
water plants. Some pollutants can be remobilized after several
decades when deposited in lake sediments. This has been the
case for substances such as PCB from ancient factories causing
a ban on the consumption of certain fish species (CISALB, 2012).
Dam reservoirs are also more prone to pollution during droughts
and low level periods. Increased temperature and reduced water
dilution increase methane and algae production (Delsontro et al.,
2010).
Other sources of pollutants can be released from runoff
originating from rapid glacier ice melting in association with
climate change and glacier retreat. Toxic substances deposited in
glacier ice several decades ago (such as PCBs) can be released over
relatively short periods of time during spring and summer melt
runoff.
Water quality measurements can be wide-ranging and
expensive and need to be preceded by a hypothesis of potential
contamination. Methodologically this is complex because both
historical data of contaminant sources as well as upcoming
sources have to be considered. In order to derive pollution
sources, information from local stakeholders is essential.
Seasonality issues also need to be taken into account. Some
pollution may be difficult to detect in winter when water is frozen
and may only re-appear during the snowmelt or glacier melt
phase. Sites may also be difficult to access due to topographic and
weather conditions.
After identification of potential pollutant sources, a regionally
and temporally representative campaign should be initiated. For
large ski resorts, campaigns should be carried before during and
after frequentation peaks and artificial snow production.
Recent Hydrological Challenges
Changing Flood Characteristics
Flood characteristics have been observed to change in
European mountain catchments, both due to climate as
well as anthropogenic impacts. While climate change is
influencing flood timing and magnitude as a result of changing
precipitation and snow melt patterns, human impacts such as
river rectification, damming and land use change is influencing
flood routing, flood timing and flood magnitude and may
outweigh natural impacts.
Urbanisation and land-use change can have major impacts on
flood magnitude and routing. This requires careful monitoring
of both land use changes in the upper catchment as well
as modifications to the main river channels, constraining
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infrastructure such as bridges, extent of urbanization and
impermeable surfaces, extend of floodable fan surfaces and
amount of artificial water inputs. Apart from regularly
monitoring of these changes it is also necessary to combine
different potential scenarios in order to predict future situations.
This requires joining knowledge from other events developed
under similar conditions or in similar catchments. It is also
necessary to add “soft” expert knowledge to existing models and
monitoring results in order to attempt to predict the “unknown.”
The expert knowledge should be closely supported by stakeholder
accounts of extreme events and historical evidence from photos
and paintings.
On the 10th/11th of October 2011, a devastating flood
occurred in the River Kander in the canton of Bern, Switzerland
FIGURE 4 | Comparison of the 2005 and 2011 extreme flood
hydrographs (>100 year recurrence interval) in the River Kander,
Switzerland at the Hondrich stage gauge [modified after BAFU
(Federal Office for the Environment) 2014].
following a prolonged rain/snow and intense snowmelt event
whose impacts were amplified by road and river infrastructure.
The flood resulted from two precipitation phases recorded
over the Kander region: a first phase lasting for 3 days with
approximately 100mm of precipitation, 60–80% of which fell
as snow and a second phase lasting for 2 days (10–11th
October) with another 60–90mm of precipitation accompanied
by intensive snowmelt due to a rapid temperature increase to
10◦C (Geo7, 2012; BAFU, 2014). Strikingly, in the sub-catchment
of the Kander-Eggeschwand alone, 120mm of precipitation
were recorded during the first phase, increasing to 200mm
on the 10th of October. A record October peak discharge of
262 m3/s, equivalent to a 300 year flood, was measured at the
gauging station of the River Kander at Hondrich 15 km further
downstream (Badoux et al., 2013). This recurrence interval was
extrapolated from a 107 year discharge series after the extreme
value theory. Only 6 years before, a near identical peak discharge
was reached at the same gauge. In future it would therefore
be recommendable to present this event in terms of annual
exceedance probability, i.e., 0.33% (Pe = 0.0033). In contrast, the
precipitation only had a 10 year return period. Peak discharge
at the gauging station was reached within 11 h and increased
15-fold to its pre-flood level (Figure 4). The obvious challenge
is to correctly model the rising limb of such an extreme event
(Badoux et al., 2013). Unlike, previous extreme floods such as in
2005, this flood had a very flashy regime, making it extremely
difficult for the catchment to buffer the flow and for humans
to prepare and react on time. During the rising flood limb the
narrow bridge over the River Kander near Büel was blocked
and the torrent subsequently followed a new path, flowing
over an inclined agricultural surface around a farm, down a
short and steep metaled road, along a main road, through the
Mitholz avalanche protection tunnel only to reappear with full
power in a hydraulic jump at the other end (Figure 5). The
flood was able to gather momentum along its way since it had
FIGURE 5 | Reconstructed flood route of the River Kander, Switzerland for the extreme flood event of 10th/11th of October 2011. Due to obstruction of a
bridge, the flood changed its flood route following road infrastructure and encroaching an anti-avalanche tunnel (de Jong, 2014b).
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few obstructions and flowed over highly impermeable surfaces.
Emerging from the avalanche tunnel, the flood caused large-scale
erosion, destroying the road and flooding the urbanized areas
of Mitholz (5 km below Kandersteg). As for other flood events,
it would be important to define the exact timing of the new
route into the tunnel flow from stakeholder feedback and relate
this to the flood hydrograph, taking into account the time lag
between this site and the stage gauge further downstream. One
possibility is via the automatic radar installed in the tunnel that
could detect the first water flow but it would be tedious to obtain
the information e.g., via the traffic administrations or public
questionnaires.
A recent debris flow/flood event in the torrent Saint-Antoine
in Modane, Savoie, French Alps occurred between the 1st and
2nd of August 2014 only 27 years after a similarly destructive
event. Local inhabitants noted a rapid sequence of debris flow
pulses during the night (Briancon-Marjollet, 2014). During the
flood, the industrial zone and houses that had been previously
destroyed on the sedimentary fan during the 1987 flood event
and reconstructed again were once more destroyed. Thus, the
area impacted by the two major flood events was similar
(Figures 6A,B). Local inhabitants had observed that the narrow
bridge over the torrent on the lower fan was under-dimensioned
and had already caused excessive flooding and flow deviation
when obstructed in the past. Since the bridge was destroyed in
the flood, it was decided not to rebuild it. This time all buildings
on the floodable zone of the fan will be deconstructed. With over
55 check dams in the upper catchment (extending from 1100 to
3086m), it is questionable to what extent flood protection was
effective. Most probably, these check dams were filled close to
capacity with sediments and were therefore ineffective during the
event. As is the case in most parts of the Alps, maintenance of
check dams has greatly declined since the 1950s, thus causing
them to become structurally weakened and congested with
sediments. Whilst the flood/debris flow of 1987 transported
80,000m3 of sediments in only 30min, the 2014 event had
the same duration but transported somewhat less (between 40
and 60,000m3) because of a gravel trap constructed upstream
of the fan (Gominet, 2014). The recurrence interval of the
first event is estimated at 100 years, and the second at 30–50
years.
Other challenges include changing flood regimes from dam
water release which affects about 28% of alpine rivers or
16,000 km of 58,000 km rivers assessed in the Alps (Litschauer,
2014). In many alpine rivers with hydro-power, hydro-peaking
(the periodic, mostly daily release of water from dams for hydro-
electric production) causes extremely sudden and regular daily
flood peaks, which can be dangerous for local stakeholders
since the rivers are otherwise dry or carry low flow. On the
River Arc, Savoy, French Alps, for example, annual dam release
is estimated to be the equivalent of a 1-year flood (Jaballah
and Jodeau, 2012). On the other hand, flood release due to
a combination of heavy precipitation and large storage in
dam reservoirs can significantly augment the flood peak and
create an artificially destructive flood. Even though it may
involve only a relatively small increase in the percentage of the
discharge, the effects can be disastrous due to heavy additional
flooding and destruction. In addition, extreme floods (with a
100 year R.I.) produced below dams are more likely to flood
and erode nowadays than in the pre-dam era due to altered bed
morphology resulting from a lack in bedload transport (DDTS,
2013).
Evolving Water Scarcity
Water scarcity evolving both due to climate change and human
impacts has accelerated over the last 15 years. It has neither
kept springs, torrents, rivers, lakes, wetlands nor groundwater
untouched. For example, the alpine country Steiermark (Austria)
was confronted with such severe water scarcity after prolonged
summer drought in July 2013 that wells had to be manually
re-filled with water (Steininger et al., 2015).
Lake water volumes are another important issue. Lake levels
over the past 10–15 years are increasingly controlled throughout
the Alps for artificial snowmaking with obvious hydrological
impacts. The water level of Lake Davos at an altitude of 1560m
in Grisons, Switzerland, is lowered by up to 28m for artificial
FIGURE 6 | Flood/debris flow in the torrent Saint-Antoine in Modane, Savoie, France destroying approximately the same urbanized area on (A) 24th
August 1987. (Photo: Jean-Marie Jeudy) and (B) on 1st August 2014. Photo: Alain Favre.
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FIGURE 7 | Comparison of water levels of Lake Davos, Grisons,
Switzerland (A) near maximum after the summer season on 11th
October 2009 and (B) after massive lowering following water
withdrawal for snowmaking during the winter season on the 8th
February 2010. The lake is lowered by up to 28m during winter. Copyright
Stöckli (2012).
snow production during the winter season (Stöckli, 2012 and
Figures 7A,B) corresponding tomore than 50% of its total depth.
This is because the Parsenn and Jakobshorn ski areas consume
approximately 600,000m3 of water for snow production together
annually. Although this is the equivalent of only 0.2% of the
annual water cycle it represents 33% of the annual drinking water.
The abrupt lowering of the lake level independent of seasonality
has caused the disappearance of Sparganium angustifolium that
normally grows along the shoreline of ponds and lakes. Since the
lake is already subject to annual lowering for hydropower since
1937, this species is considerably endangered. Such practices shed
considerable doubt on the sustainability of mountain water.
In 2014, water abstraction was allowed from Lake Montriond
situated at 1072m within the Geopark Chablais, Upper Savoy,
France for snowmaking in the ski resort of Avoriaz. Water
is pumped to higher elevations between 1100 and 2466 m.
According to the private water companies and snow production
companies, the lake level will drop by only 15–20 cm (for an
average water abstraction of 120,000m3 per year) and up to
approximately 40 cm for droughts with an estimated 5 year
recurrence interval (Alpes Ingé et al., 2013). This lowering can
have considerable effects during low discharge periods in winter
and during droughts since the natural lake level variations would
be increased by a factor of 2. Additional pressures on lake water
volume from increased evaporation during droughts are not
taken into account in these projections. Avoriaz is a ski resort
that already suffers from water scarcity due to seasonal water
overuse for snowmaking. As for many other alpine ski resorts,
water abstraction for snowmaking causes further anxiety as the
recent development of large water worlds with swimming pool
complexes are superimposed on rising drinking and household
water use. Despite such concerns, the expansion of artificial
snow making in alpine ski resorts is not limited relative to
water availability in catchments and the problems are further
intensified by long-distance pumping from lower altitudes or
adjacent catchments (Le Messager, 2014).
For other lakes the inverse is true. For example, the water
level of Lake Moro situated at 2235m altitude in the ski area of
Foppolo-Corona in the Bergamo Alps, Italy has been increased
by approximately 2m through the construction of a small dam.
Approximately 60,000m3 of water are thus stored for snow
production. The decreased discharge into the surface and sub-
surface below its outlet due to flow diversion into the other
catchments may well endanger the wetlands downstream. Alpine
lake levels may also simply be controlled to ensure high enough
water levels for lake tourism, e.g., Lake Annecy or Lake Bourget.
In the meantime it has been recognized that the dampening
of annual water level fluctuations (for example 30 cm instead
of 1.75m in Lake Bourget) has major repercussions on aquatic
species, leading to the near disappearance of reed (de Jong,
2013b).
Unfortunately, the environmental impacts of lake control
for snowmaking at relatively high altitudes (mostly between
1500 and 2500m altitude) has not been directly addressed or
integrated into water management plans. Economic interests are
usually very strong and water is controlled by private companies.
Environmental impacts assessment is both commissioned and
carried out by private companies and/or the snow producing
companies themselves (Alpes Ingé et al., 2013). Scientific
studies are missing and there are no precise and continuous
measurements of water abstraction.
Alpine lake level control for hydropower has a longer
history—e.g., Lake Aiguebelette in Savoie or Lake Paladru in
Isere, whose water level can be lowered by up to 3.7m during
droughts relative to an average lake depth of 25m (SIBF, 2011).
Another issue is direct water abstraction from springs, streams
and rivers for winter tourism. Water use for snowmaking as well
as drinking and household water is increasing local and regional
water stress in many ski resorts (de Jong, 2013a,b). In exclusive
ski resorts such as Courchevel (France), water consumption can
reach 850–1000 L per person per day for 4–5 star hotels due to
water use for swimming pools, Jacuzzis, baths, water walls etc.
Frontiers in Environmental Science | www.frontiersin.org 9 May 2015 | Volume 3 | Article 38
de Jong Challenges for mountain hydrology in the third millennium
This is approximately 6–10 times higher than the average water
consumption for a normal household in industrialized Europe.
The Crans-Montana ski area situated in the dry, inner alpine
valley of Wallis, Switzerland, is already under considerable water
stress to supply its 200 snow guns for artificial snow production.
From the beginning of December onwards, water demand (both
for snowmaking as well as increased tourist drinking water)
exceeds availability and by the end of December, water demand
can reach up to double of that available (after the Intercommunal
Master Plan 2008 in Bréthaut, 2012). Water therefore has to be
transferred from a hydropower reservoir, springs, boreholes and
water catchments to fulfill the seasonal needs of artificial snow
production (Weingartner et al., 2014). It is questionable how
sustainable this interbasin and interregional water transfer really
is. For the drought year of 2011, water consumption for artificial
snow in the Crans-Montan region made up 3% of the total
water consumption excluding hydropower and 5% of drinking
water (Weingartner et al., 2014). If tourist drinking water needs
are considered together with artificial snow, the proportions
are much more significant. As for other alpine ski resorts, a
rapid expansion of snowmaking is envisaged. A “business as
usual” expansion of winter sports would translate into nearly 80%
increase in water consumption for artificial snow (Weingartner
et al., 2014). Supplying sufficient water could be quite difficult to
maintain given the existing long distance water transfers.
It is therefore important to reconsider the meaning of
proportions in the context of local ecological values. Even a very
low overall percentage of total water use at an inappropriate
time of the year can have disastrous repercussions on the
survival of water-dependent ecosystems since mountain water
resources play a crucial spatial and temporal role (e.g., small
wetlands, small streams). Inversely, the Crans-Montana study
shows that the minimal residual water in torrents could be
doubled in a “moderation scenario,” corresponding to a regional
population decrease, a qualitative new orientation of tourism
without artificial snow production, an overall decrease in winter
tourism and development of soft tourism (Weingartner et al.,
2014). This demonstrates how sensitive ecosystems can be to very
small proportional changes in water use. The authors conclude
that present management of surface water quantity in their alpine
catchment is least sustainable followed closely by weak resource
efficiency, justice and willingness to learn.
It can be observed that many recent water issues related
to the ski industry remain silenced both due to inadequate
hydrological measurement as well as for political reasons. For
example, in 2014, the Austrian ski resort of St. Johann, Pongau
used three times the amount of water permitted in the year
2002 (42,000m3 instead of 14,000m3) for snowmaking as a
reaction to climate change-induced natural snow deficits. This
illegal water use was counteracted by partially closing the water
pipeline for snowmaking (ORF, 2014). In the same year, the
nature protection association Pro Natura filed a charge for
illegal water use for snowmaking at the departmental police and
water agency for the ski resort of Kleine Scheidegg-Männlichen,
Berner Oberland, Switzerland (Der Bund, 2014). It has been
confirmed that water has been withdrawn illegally for years from
streams by the lift companies through fixed installations (Fritschi,
2015). Permissions for water abstraction were issued in 2008.
Water demand for snow production in large ski resorts such
as Kitzbühel, Austria (with more than 750 snow canons) has
increased by approximately 30% annually between 2004 and 2010
(Bergbahnen Kitzbühel, 2012) and continues to do, reaching a
projected four-fold increase of more than 2 millionm3 in less
than 10 years. Since other ski resorts have similar projected
increases in water demand, it is important to integrate this water
use in water management plans.
Specific Political Challenges
It is interesting to follow the political evolution of the analysis
of Water in the Alps between 2008 and 2014 from Alpine
Convention reports concerning sensitive issues such as water
use and water quality in ski areas. Whereas, the 2008 report
(Alpine Convention, 2008) authors hydrologists from water
agencies to summarize present and possible future challenges, the
2010 report (Alpine Convention, 2011) omits such experts and
addresses a reduced set of issues mainly from a political point of
view.
While the 2008 report details seasonal problems of water
quality related to ski resorts, the 2010 no longer addresses this
issue: “Point sources of pollution linked either to local communities
or to industrial sites have given rise to important investments
in sewage collection and treatment as required by legislation, in
particular the European directives. Still, not all facilities have been
completed or they do not always allow to attain the necessary
degree of treatment. Ski resorts, for example, are behind schedule.
They are confronted with seasonal pollution peaks at times when
water levels are low in the receiving water bodies.” (Bouffard, in
Alpine Convention, 2008 report).
Not surprisingly, the 2010 report contradicts both itself and
the 2008 report in terms of artificial snow-related water problems
and the need for water management. For example “Identified
regional and local water-related problems such as water scarcity
due to snow making in winter or low water levels left due to the use
of hydropower are issues for sound local or regional water resources
management” (Grambow in Alpine Convention, 2008 report)
against “Artificial snowmaking has been addressed by just one
country (Italy) as a relevant issue, whereas for four countries this
is not deemed a relevant water management issue at regional and
national level” (p. 69 in the 2010 report). This is contradicted later
in the same report by “. . . . water requirements for snowmaking
can be substantial at a local level, using a considerable share of the
annual water abstraction and can lead to water conflicts especially
in the winter season in areas where snowmaking stations are
connected to the drinking supply network; this can cause temporary
water shortages.” (p. 92, 2010 report) and again by “However, from
the point of view of the regional and Alpine-wide water resource
balance, artificial snowmaking is not a significant issue.” (p. 92,
2010 report). The inconsistency between the existence of water
stress/scarcity and its apparent insignificance within the water
cycle resurges several times in the report: “Even if considering
the water cycle for the entire Alpine region the water volumes
used for artificial snowmaking are insignificant . . . ” against “In
fact, artificial snowmaking can imply temporal water stress rising
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conflicts among users. . . ” (p. 49 in 2010 report). It is recognized
that “. . .3 the conflict with tourism and artificial snowmaking that
has become a central issue” (p. 72, 2010 report).
Furthermore, in the 2008 report, Götz in Alpine Convention
(2008) criticizes that “The EU Framework Directive does not
include problems relating to artificial snow installations such as
the impact of chemical snow-making additives on water quality
or the tapping of water to create artificial snow in times of
water shortage.” However, the 2010 report no longer addresses
this issue. Such shortcomings have been mentioned by de Jong
(2014a) proposing a new EU tourist directive that is to restrict
increasing water use for tourist resorts and carefully monitor
environmental impacts from an interdisciplinary point of view
to avoid opposing the EUWater and EU Soils directive.
The reports for the 2012 and 2014 conferences are still
pending, however there does not seem to be any specific
treatment of water scarcity and winter sports. In the meantime,
a report on sustainable tourism in the Alps has been published
but it also neglects water quality issues related to ski resorts and
only briefly addresses water quantity issues (Alpine Convention,
2013).
This evolution shows that the strongest political challenge
concerns problem reporting and with this the initiation of
monitoring programmes and data transparency. Given rising
tensions on water availability, water abstraction for leisure
activities should be regulated and restricted in future.
Conclusions
It is clear that the foremost challenges of mountain hydrology
in the third millennia concern anthropogenic impacts and their
interactions with climate change. The main issues are as follows:
- Changing flood characteristics due to land-use change and
engineering structures and evolving water scarcity due to
altered water abstraction need to be both recognized and
predicted under climate change conditions.
- A holistic approach to mountain hydrology is necessary in
the future, encompassing the state of springs, torrents, lakes
and wetlands as well as evapotranspiration and sublimation
in order to complement the present-day restrictive valley
discharge approach.
- As long as local hydrographs reflecting antecedent conditions
in higher altitude sub-catchments are not available, flood or
drought prediction tools remain inadequate. Similarly, we
have limited experience with new hydrological phenomena.
Therefore, both scientific and societal knowledge should
be included in measuring and modeling programmes with
stronger interactions between stakeholders, scientists and
decision-makers.
- It is essential to move away from the concept of percentages as
an indicator of the total water cycle and instead recognize the
relative significance and ecological meaning of water resources.
Small percentages can be as consequential for local water
scarcity and water conflicts as for increased flood discharge and
damage.
- Causes of water quality deterioration and new pollution
sources, especially from winter tourism and industry, should
be established in close contact with local stakeholders where
measuring networks are too sparse and stricter regulations
established.
- A more stringent distinction should be made between water
consumption and water use and its ensuing quality with the
help of scientists before integrating into water management
plans.
- Water management should be recognized as a necessity
encompassing all water uses regardless of their political and
economic influence. An alternative water management at
the catchment and sub-catchment is essential in the future.
Political challenges remain strongest with respect to problem
recognition, reporting, initiation of monitoring programmes,
and data transparency.
In future, simultaneous observation and measuring
programmes, data and innovative practices need to be exchanged
more strongly between alpine regions and between the local and
European level to ensure a more sustainable use of mountain
water.
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